Derived from the Pseudo Two-Dimensional mathematical structure, a simplified electrochemical and thermal model of LiFePO 4 -graphite based Li-ion batteries is developed in this paper. Embedding the porous electrode theory, this model integrates the main design parameters of Li-ion systems and its partial differential equations mathematical structure makes it a promising candidate for battery management system (BMS) applications and comprehensive aging investigations. Based on a modified Single-Particle approach, the model is used to simulate and discuss capacity restitution in galvanostatic charges and discharges at various rates and temperatures. Constant high-rate solicitations similar to fast charge of plugin electric vehicles or electric vehicles, are experimentally tested and simulated with the present model. Also, thermal issues occurring during these specific operating conditions are quantitatively pointed out. The concept of current-dependent spherical particle radius is used to obtain good agreement with experimental data related to galvanostatic charges and discharges. The capabilities and limits of this preliminary modeling work are discussed in detail and ways to extend the potentialities of this approach to BMS applications are proposed. z
Over the past 15 years, Li-ion batteries have received much attention for their application as leading candidates for next generations of electric vehicles (EVs), plug-in electric vehicles (PHEVs), even hybrid electric vehicles (HEVs), and also as a promising alternative for energy storage. In that context, it is essential to proceed with detailed mathematical modeling of the battery technology, to produce the optimum cell design, management and configuration. Even though the various aspects of performance required from a battery in terms of power and energy can be assessed experimentally, battery modeling can be of valuable use to explore electrical limitations and thermal behavior of a candidate technology. For all these purposes, refined electrochemical models are being more and more investigated. In comparison with empirical modeling approaches, physics-based models can provide detailed information for the optimization of a battery with respect to the efficient use of energy and are thus promising candidates for next generations of battery management systems (BMS). Initially developed by Newman and Tiedemann, 1 the Pseudo Two-Dimensional (P2D) model is the reference in electrochemical battery models in terms of theoretical integration of mechanisms and prediction capabilities. The P2D model was especially validated on galvanostatic discharge operating conditions. It generally gives good results but requires heavy computing resources, which prohibits its use for onboard BMS application. 2 In order to limit computing time for simulation purposes, mathematical reduction of the P2D model have led to the development of simplified electrochemical models like the Porous electrode model with the Polynomial approximation (PP) and the Single Particle (SP) model. Santhanagopalan et al. 3 reviewed the main electrochemical battery models comparing the P2D, PP and SP models in terms of computing efficiency for cycling performance purposes. Comparisons were performed on basic discharge profiles. In the simplified SP model, the Li concentration in the electrolyte phase is assumed to be uniform along the cell. This hypothesis can strongly limit the capabilities of these models for design and specification issues, especially for high-load solicitations where mass transport limitations in liquid phase are not negligible. 3 Neglecting electrolyte phase can also limit the model applicability for aging studies. Similarly to the SP model, Di Domenico et al. have recently developed an average model (AM) for charge estimation in BMS applications, with fixed electrolyte concentration, as detailed below. 4 The present work focuses on the development of a simplified and computationally efficient electrochemical and thermal Li-ion model, which integrates the main design parameters of battery and some specific features of LiFePO 4 and graphite electrodes, with the aim to predict the voltage dynamics and capacity restitution for LiFePO 4 -graphite Li-ion batteries under slow or fast galvanostatic charge and discharge operating conditions. Indeed, from a practical point of view for EVs and PHEVs, continuous high loads solicitations correspond to fast charge operating conditions that can daily occur. Fast charge situations have to be carefully investigated through both experimental and numerical tests to design safe and durable Li-ion battery packs.
In the first section of the paper, theoretical considerations, hypotheses and the mathematical structure of the model are presented. Specific features and behaviors of electrode materials such as hysteresis of LiFePO 4 and graphite electrodes are pointed out. In the second part, the experimental calibration of the model is presented with a focus on the choice of electrolyte properties. Then, electrical and thermal model predictions are compared with experimental data on various charge and discharge profiles. The concept of a currentdependent radius of the particle reported in the literature on the SP model is used to account for the difference in capacity restitution after charge or discharge at same rate. Finally, the third part is dedicated to a simulation study on constant current fast charging protocols. The capabilities and limits of this simplified electrochemical and thermal model are highlighted and different ways to improve the present model are also mentioned.
Model Development
State-of-the-Art on electrochemical and thermal battery models.-Literature on electrochemical and thermal modeling of battery systems is quite extensive. In the porous electrode theory, the electrode is treated as a superposition of two continua, namely the electrolytic phase and the solid matrix. The solid matrix is modelled as microscopic spherical particles, where the Li ions diffuse and react at the surface of the spheres. A classical 1D representation of a Li-ion battery is shown in Fig.1 . The complete electrochemical system is composed of three porous media, namely the negative electrode, the separator and the positive electrode. The porosity of the three regions is filled by the electrolyte liquid phase.
Considering the LiFePO 4 -graphite system, the electrochemical storage reactions in charge can be represented by Eqs. 1-2. 4 9 reported the first shrinking-core model, but in order to obtain a good agreement with experimental data on discharge curves at different current rates, they had to consider a particle size distribution (PSD) effect with spherical particles of two different sizes. The original shrinking-core model was then extended to the planar geometry by Wang et al. 10 who obtained good results on discharge operating conditions up to 20C. The authors extended the original shrinking-core model by introducing the Li diffusion in both phases and the interface mobility as a model parameter.
This model was then used to design new galvanostatic and potentiostatic intermittent titration techniques (GITT and PITT) to determine the diffusion coefficients of the respective phases in the composite (α+β). 11 Nevertheless, shrinking-core models can be difficult to program and issues related to the management of multiple interfaces can appear for complex charge/discharge profiles. Alternatively, Thorat et al. 12 proposed the concept of phase-change diffusivity to account for LiFePO 4 behavior in charge and discharge, introducing a concentration-dependent diffusion coefficient of Li in the solid phases. Moreover, the authors considered the resistive-reactant feature of insulating LiFePO 4 , introducing the PSD effect with four different particle sizes. The resistive-reactant concept was further developed by Safari and Delacourt who studied, with a simplified electrochemical model, the (dis)charge path dependence, the asymmetry and the electronic resistance distribution of this material. 13 Good agreement was obtained with experimental data until 1C charge and discharge rates.
Later, Delacourt and Safari 14 proposed a simplified mathematical model to explain the insertion/extraction mechanism of Li ions for LiFePO 4 material until 2C. In this simplified approach based on the SP model without considering PSD effect, the authors determined relationships between particle radius and current density to fit experimental charge and discharge curves. In this work, the radius dependencies upon current were tentatively explained with the mosaic concept. where δ n and δ p are the thicknesses of the negative and positive electrodes, respectively. With this assumption, the charge conservation equations (Eqs. 5 and 6) can be solved analytically as a function of the spatial coordinate z, giving: [21] for the negative electrode region, 
for the separator region, and [24] for the positive electrode region.
Cell voltage, kinetics and mass transport overpotentials.-As described by Di Domenico et al. 4 , the voltage of a battery at time t, V(t), is expressed as the sum of different terms, namely thermodynamic potentials, U, and overpotentials, η, appearing as current is passed through the system. According to Eq. 8:
In Ref. 3 , the electrolyte concentration is uniform in the battery and, therefore, there is no diffusion overpotential in the electrolyte. Moreover, the thermodynamic potentials, U p and of the single particle. The battery voltage can then be expressed as: To express the electrode overpotential, the approach used by Bergveld et al. was adopted in this work. 15 The electrode overpotential η can be expressed as the sum of the kinetic and diffusion overpotentials at both electrodes:
This mathematical description of the charge transfer overpotentials facilitates the quantification, in first approximation, of the different contributions to the potential distribution in the battery. In the following, the kinetic and mass transport overpotentials are successively defined.
Firstly, to express the kinetic overpotential at each electrode as a function of the current intensity, the oxidation and reduction charge transfer coefficients α ox and α red are assumed to be equal to α = 0.5 for both electrodes. Then, considering Eq. 7 for the positive and negative electrodes with the assumption of the average model, and replacing the electrode overpotentials by the kinetic overpotentials, one gets: 15
The positive and negative kinetic overpotentials can be expressed as: [32] ( ) In these equations, the exchange current densities are sometimes considered to be given by the following expressions: [1] [2] 4 ( ) However, for sake of simplicity and as performed in several reported battery models, the exchange current densities have been set as constants. 7, 16 Secondly, the overpotentials due to mass transport (diffusion and migration) in the electrolyte and inside the solid active material have to be defined. In the electrolyte phase, the mass transport overpotential is obtained as the difference between the potentials of the electrolyte phase taken at the extremities of the electrodes. Eq. 23 expressed at z = L results in
Under the assumption of constant electrolyte concentration along the z axis, the last part of Eq. 38 can be seen as a representation of electro-migration inside the electrolyte. This term is generally known as ohmic resistance and can be determined thanks to electrochemical impedance spectroscopy for instance. 17 This will be discussed in detail in the model calibration section. Neglecting the electric resistance of connectors and the conductivity of the solid phases in the electrodes, the ohmic resistance, R ohm , can thus be expressed as a function of the geometric area of the electrodes, A, the thicknesses of the electrodes and separator, δ n , δ p , δ sep , and the electrolyte effective conductivity, κ eff , in the three regions: 
for the positive electrode [42] In the solid phases, the mass transport overpotential is approximated as a function of The state of charge (SOC) of the full cell, SOC bat , can be expressed as a function of the normalized bulk Li concentration in the positive electrode or in the negative electrode, for example: 
or, with Eqs. [34] [35] 45 : 
Interestingly, one can notice that the cell voltage is directly correlated to the specific design parameters of the system such as the electrode porosities, or to the physical parameters such as the electrolyte conductivity or the active material concentrations. This expression, which distinguishes the main electrochemical phenomena, could be useful in discussing and quantifying the impact of the variations of design parameters during aging. In the present work, dynamic hysteresis is considered. As the diffusion phenomena in the solid particles have already been considered, the equations reported by Roscher and Sauer 24 are adapted to our model as follows:
Eq. 52 gives the evolution of the hysteresis factor Γ as a function of the current and of the hysteresis parameter χ, which is determined experimentally and is used to quantify the dynamics of the hysteresis. 24 The state value of Γ is limited to the range between 0 and 1, thus Eq. 52 is used within this restricted range. As can be seen in Eq. 49, when the values of Γ are 1 and 0, OCV bat is respectively equal to OCV ch and OCV dch . From the thermodynamic equilibrium potentials of each electrode in charge and discharge, and based on the experimentally determined stoichiometries θ defined in Eq.46, the open circuit voltage of the full cell, OCV bat , can be reconstructed (Eqs. 46,50-51) for both charge and discharge, as represented in Fig. 3 .
Lumped parameter energy balance and internal temperature estimation.-The thermal behavior of Li-ion cells has been widely investigated in order to optimize thermal management and to address potential security issues. In this work, a simple lumped parameter energy balance was considered as described in Table II . Both irreversible and reversible (entropic) contributions of thermal power generated are considered, as shown in Eq. 15.
Thermal properties of electrode materials are also well reported in literature. [25] [26] The entropic contributions presented in Eq. 15 have been investigated in Ref. 26 for LiFePO 4 Using the data reported in Table III However, the diffusion coefficients in Table III were In order to select the most appropriate electrolyte conductivity model from those reported in Table IV , electrochemical impedance spectroscopy (EIS) results performed at 25°C and a SOC of 50% were used. The high-frequency intercept with the real axis in the Nyquist representation of the impedance diagram was used to determine the approximated value of the ohmic resistance. From Eq. 39, and using the design parameters in Table III , the static resistive contributions of the electrolyte in the negative and positive electrodes and in the separator were calculated as a function of the Li concentration. Assuming a Li concentration of 1.2 mol.dm -3 and classical Bruggman exponents of 1.5 due to a lack of available data, a good agreement between the experimental EIS value and the predicted ohmic resistance with the electrolyte model "c" is obtained, as can be seen in Fig. 5 .
For the thermal model calibration, literature data on thermal parameters were collected and experiments were performed in an adiabatic calorimeter to estimate missing values (see Table V ). Temperature dependency is rather complex for the electrolyte. In the present work, 20, 23 The evolution of the fitted particle radii upon current is shown in Fig. 8 . As can be observed in Fig. 8 , the higher the current intensity in charge or discharge, the smaller the particle radius. This result could be explained by the fact that smaller particles are filled faster than larger particles. The deinsertion/insertion processes in smaller particles could control the overpotentials of the electrodes especially if it is considered that the extreme SOCs are reached quicker for smaller particles. The mosaic model concept may also explain this phenomenon. In this concept, as described in detail in Ref 14,  
boundaries between Li-rich and
Li-poor phases could be formed preferentially in place of the growth of existing domains at large current density. The nucleation of multiple phase boundaries could delimit smaller diffusion domains and thus increase the apparent electroactive surface area, hence leading to an apparent reduced particle radius.
The present simulation demonstrates that the implementation of a current-dependent radius of the single particles in the simplified electrochemical and thermal model gives good results with respect to capacity restitution from C/4 until 8C rates. These results are in good accordance with those reported in Ref. 14 for LiFePO 4 . Interestingly, an asymmetry between charge and discharge is observed for both positive and negative materials. Therefore, the model can be considered as validated within the calibration range of C/4 -8C rates.
Application to fast charging simulations
Fast charging protocols are being more and more investigated for automotive applications since these phases of vehicle battery life are critical in terms of durability, safety and usability. Different protocols are proposed in literature from classical CC-CV protocols to innovative pulse charging or boost charging. 38 From a practical point of view, constant power or CC charging protocols are the easiest to implement. In this part, a simulation study is proposed to investigate classical CC fast charging protocols in terms of efficiency, charge duration and thermal aspects. CC charges from 0.5C to 8C were considered on the 2.3Ah commercial LiFePO 4 -graphite cell (Fig. 9 ). The initial SOC was set to 0% to investigate the complete fast charge. The upper cut-off voltage was set to 3.6 V, which is the value recommended by the manufacturer. The cooling temperature was considered to be 23°C under free convection. As can be observed in Fig. 9 , good performances in cell charging are achieved with respect to the coulomb efficiency with, for example, 1.75 Ah charged at 7C. At current regimes higher than 7C, the upper cut-off voltage was rapidly reached and the experimental charging test prematurely stopped, which explains why the exchanged charge was so small. The same phenomenon can be observed in the experimental and simulation results presented in Fig. 6 with the 8C charge test. The experimental charges exchanged at C/2, 1C, 2C, 4C and 8C rates were measured. Figure 9 shows they are in good agreement with the simulated charges.
During battery cycling, thermal inhomogeneities between the surface and the core of the cell can develop, potentially leading to safety and life issues. 29 In order to investigate the internal temperature evolution during charge operating conditions, Eq. 56 was used to compute the evolution of the core temperature. Figure 10 shows the evolution of the internal and skin temperatures of the cell until the end of charge at 3.6 V as a function of C-rate.
Regarding the thermal effects, temperature inhomogeneities actually develop within the cell during fast charge operating conditions, pointing out how critical for safety and life issues fast charging is. 29 A thermal gradient of 5°C is obtained in the simulation for a 7C fast charge. As can be observed, the higher the charging rate, the higher the thermal gradient between the surface and the core of the cell under free convection. In addition, Fig. 10 shows that the temperature increase was lower for the 7.5C and 8C rates than for the 7C rate. This comes from the fact that the experimental test and the corresponding simulation rapidly stopped as soon as the upper cut-off limit was reached. The skin temperatures measured at C/2, 1C, 2C, 4C and 8C rates are also presented in Fig. 10 . The agreement between the simulated and experimental maximal skin temperatures at the end of the CC charging is satisfactory.
Charge duration is a critical parameter for EV and PHEV batteries. Trade-offs between charge duration, charge efficiency and aging have to be defined with respect to consumers' requirements and cost constraints. Figure 11 Table IV ). [14] 30555 [3] Stoechiometry at 0% SOC y 0% , Solid phase Li diffusion D s m 2 /s 5.9 × 10 -20 [14] 3.0 × 10 -15 [22] Kinetic and transport properties Electrolyte phase Li+ diffusion D e m 2 /s 2.0 × 10 -10 a: adjusted, es: estimated, m: measured [28] Solid phase Li diffusion activation energy E a_diff,s J/mol 39000 (c) from [35] 43800 (c) from [36] 50700 (c) from [37] 35000 [28] Electrolyte 
